DNA recombinases face the daunting task of locating and pairing up specific sequences among millions of base pairs in a genome, all within about an hour. Qi et al. show that recombinases solve this problem by searching in 8-nt microhomology units, reducing the search space and accelerating the homology search.
DNA recombinases face the daunting task of locating and pairing up specific sequences among millions of base pairs in a genome, all within about an hour. Qi et al. show that recombinases solve this problem by searching in 8-nt microhomology units, reducing the search space and accelerating the homology search.
Homologous recombination is important for repairing stalled replication forks and ensuring genetic diversity (Lusetti and Cox, 2002) . The recombinase that mediates homologous recombination self-assembles into presynaptic helical filaments on single-stranded (ss) DNA to search for a sequence match in doublestranded (ds) DNA, and then the ssDNA displaces the non-complementary strand in dsDNA to form a stable synaptic complex. To ensure genome stability, this process must be fast and accurate, but how this occurs given the size and complexity of genomes has been a mystery (Renkawitz et al., 2014) . In this issue, Qi et al. (2015) now show that a minimal homology length requirement reduces the search space and accelerates the search for target homologous sequences through a hierarchical search mechanism.
Recognition of homologous sequence by the recombinase filament occurs via Watson-Crick pairing, and studies of E. coli RecA show that 15-18 bases of homology are sufficient for stable synaptic complex formation (Hsieh et al., 1992) , long enough to represent a unique site in either the E. coli or human genome (12 nt for E. coli and 17 nt for humans). Given that the entire search process occurs within an hour, how does the recombinase filament find this unique site? Theoretical studies suggest that dividing the search process into multiple stages and employing smaller groups of bases are effective strategies for fast and accurate searches (Jiang and Prentiss, 2014) . Consistent with this, multiple kinetic intermediates and transient complexes between the RecA filament and 6-to 7-nt homology segments in dsDNA have been detected (Ragunathan et al., 2012) . However, the shortest unit of homology that can form a stable synaptic complex with the dsDNA remained unclear.
To examine interactions of dsDNA sequences with the presynaptic filament, Qi et al. monitored complexes of dsDNA with the Saccharomyces cerevisiae Rad51 filament using single-molecule microscopy. In this method, a curtain of Rad51 filaments with ATP is generated on repeats of M13 ssDNA stretched across a flow chamber and anchored at both ends. The Rad51 filaments are then incubated with fluorophore-labeled dsDNA. After washing away unbound dsDNA, the bound dsDNAs are visualized and the off rates are measured. This method has the advantage of simultaneously monitoring multiple fluorescent dsDNA complexes on several presynaptic filaments in the curtain.
When such experiments were carried out with non-homologous 70-bp dsDNA, the authors were surprised to find stable complexes with lifetimes as long as 16 min. Analysis of the dsDNA sequence revealed that each strand contained short tracts of microhomology (3-9 nt in length) with the M13 ssDNA, consistent with a previous study suggesting that 8-nt homology is sufficient for initial base pairing (Hsieh et al., 1992) . In contrast, dsDNAs with less than 8 nt microhomology formed unstable complexes, with average halflives of 0.5 s.
Strikingly, a 1,300-fold increase in the lifetime of complexes was observed when the base homology was increased by just one nucleotide, from 7 to 8 nt. This degree of stabilization was not observed when the microhomology was further increased to 9 nt or more. Binding energy increases by 8 k b T when the microhomology is increased from 7 to 8 nt, but only by 0.4 k b T when going from 8 to 9 nt. Interestingly, subsequent binding energy increases of 0.4 k b T occurred in 3-nt increments, consistent with the triplet base organization of ssDNA observed in the crystal structure of RecA filament (Chen et al., 2008) and the propagation of initial synaptic filaments in 3-nt increments (Ragunathan et al., 2011) . These findings indicate a length-dependent kinetic discrimination against sequences that are less likely to be fully homologous.
Though the genome sizes of different organisms vary dramatically, initial recognition of 8-nt microhomology regions is conserved across the Rad51/RecA family. What is the advantage of searching for homology in 8-nt bits? The likelihood of a given sequence appearing in a genome decreases exponentially as the length of the sequence increases; for example, in the 12 Mbp genome of Saccharomyces cerevisiae, a specific 7-nt sequence is expected to appear 2,947 times, while this figure drops to 762 times for an 8-nt sequence (Figure 1) . A 10-nt sequence appears only 46 times in the S. cerevisiae genome, but the 10 bp synaptic complex is stable for nearly half an hour. Thus, there must be a balance between the number of sites needed to scan the genome and the stability of the synaptic complexes.
Given that binding was relatively stable beyond the microhomology ''sweet spot'' of 8 nt, there must be mechanisms to dissociate stable complexes that are sampled but incorrect. Indeed, Qi et al. also show that competitor dsDNA can increase the dissociation rates of 8-and 12-nt complexes by as much as 3-fold, suggesting a ''facilitated exchange'' mechanism. The authors also predict that, while longer filaments have more sites to interrogate in the genome, increasing the search time, they also permit multiple, simultaneous interactions, which may decrease the search time. In vivo, other factors such as helicases, nuclear organization proteins, and chromosome mobility may aid both the search and dissociation of incorrect complexes. Future studies with added factors will be necessary to refine the homology search models.
Additional mechanisms may work together with kinetic discrimination to accelerate the homology search (Figure 1) . For instance, multiple segments of long dsDNA are probed simultaneously by ''intersegmental contact sampling'' (Forget and Kowalczykowski, 2012) . Curiously, this single-molecule approach did not observe stable There is experimental evidence for at least three mechanisms that the recombinase presynaptic filament (green) uses to accelerate the search for the homologous sequence in the genome. (1) A short region of the filament binds to dsDNA with no or <8-nt homology and slides along the dsDNA looking for longer tracts of homology (Ragunathan et al., 2012) . (2) The presynaptic filament probes multiple segments of the dsDNA that are separated in sequence through intersegmental contact sampling (Forget and Kowalczykowski, 2012) . (3) The filament scans and rejects regions with <8-nt homology that occur at high frequencies in the genome. The filament forms relatively stable complexes with 8-nt and longer microhomology dsDNA regions. This decreases the search space and accelerates the homology search process (Qi et al., 2015) . synaptic complex formation with extended dsDNA despite the presence of numerous microhomology sites. Short-range sliding of presynaptic filaments on dsDNA substrates has also been observed, which may speed up the search process by 200 fold (Ragunathan et al., 2012) .
The advent of elegant single-molecule methods has allowed us to better understand the molecular mechanisms of homologous DNA recombination (Sanchez et al., 2014) , but several questions remain. The crystal structure of ssDNAbound RecA filament shows that the ssDNA has periodic base triplets in nearly B form, followed by an extended bond (Chen et al., 2008) , so the structural basis for 8-nt microhomology recognition is not clear. Similarly, how the dynamics of the presynaptic filament are involved in recognizing dsDNA base pairing is not known. Finally, while the proposed mechanisms for accelerating the homology search may work in concert, they have not been observed simultaneously in a single study. Further work is needed to determine how, or if, the mechanisms function together, as well as the relative contribution of each to accelerating the process.
Nuclear receptors bind chromosome ends in ''alternative lengthening of telomeres'' (ALT) cancer cells that maintain their ends by homologous recombination instead of telomerase. Marzec et al. now demonstrate that, in ALT cells, nuclear receptors not only trigger distal chromatin associations to mediate telomere-telomere recombination events, but also drive chromosome-internal targeted telomere insertions (TTI).
Telomeres, the ends of chromosomes, would look just like the products of DNA double strand breaks if not for their specialized sequences and cohort of protective binding proteins. The cellular overproliferation characteristic of cancer requires some means of maintaining telomeric sequence through successive rounds of replication. For some cells, that involves reactivating telomerase, the enzyme that templates the characteristic telomere repeats. For others, it means relying on a homologous recombinationdependent mechanism termed alternative lengthening of telomeres (ALT). In this issue of Cell, Marzec et al. (2015) identify nuclear receptors as critical components in reprogramming normal telomeres toward ALT.
In most normal human, somatic cells, telomeres shorten with every round of DNA replication due to the DNA end replication problem and the absence of telomerase. Too short telomeres elicit a DNA damage response triggering a permanent cell-cycle arrest termed cellular senescence. Thus, the replicative potential of primary cells is limited, restraining the growth of pre-cancerous lesions that have lost normal growth control. However, mutations in cell-cycle regulators like p53 and pRB cause senescence bypass and restart the march toward malignancy. Replication under these conditions can lead to further telomere shortening and loss of the proteins that protect chromosome ends from fusion or ''repair.'' In cases in which telomeres do fuse, cells enter a crisis state in which fused chromosomes that contain multiple centromeres become missegregated or become torn apart during mitosis. Cells can escape crisis either by re-gaining telomerase expression, for instance by mutating the promoter of the human
